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Abstract
We have accomplished the objectives of this three year project. The main accomplishments
include successfully fabrication of high-density InGaN quantum dot (QD), fabrication, optical
and device properties of GaN-based nanorods, growth and study of high-reflectivity crack-free
GaN/AIN DBR, fabrication and characteristics of optically pumped GaN-based VCSEL with two
different micro-cavity structure, GaN quantum whispering gallery light emitting laser and
sub-micro triangular rods formed by using photo-enhanced wet oxidation and crystallographic

etching technique, .
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I. Successfully established growth condition of InGaN quantum dot (QD).

We have successfully grown self-assembled InGaN QDs structure without using any
anti-surfactant by metal-organic chemical vapor deposition system (MOCVD). The flat
GaN/sapphire structure with an average deviation R,=0.28nm over an area of 1 (¢ m square was
used as the template for InGaN QDs structure (Fig.1(a)). The growth conditions of InGaN QDs
were low V/III ratio (~8000) and low growth temperature (660°C). Fig. 1(b) shows the typical
surface image of InGaN QDs structure. The QDs density was about 4.5 * 10'° cm™ with an
average lateral size of 20nm and an average height of 2nm. The interruption growth was used to
improve the quality of InGaN QDs and the effect of interruption time (ti,) has also been
investigated. Our results suggest that the interruption growth can modify the size of InGaN QDs
and the emission peak energy. Fig. 2(a) shows the averaged height and diameter of the samples
with various interruption times. The mean size (diameter, height) of sample A (ti,=30s), B
(tin=60s), and C (tin=120s) are (14nm, 2.4nm), (11.5nm, 1.6nm), and (15nm, 2.5nm), respectively.
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Fig.2(b) shows the dependence of the coverage above the wetting layer, and QDs density on the
interruption time. The coverage increases from 5.2% to 7.2% by increasing ti,; from 30s to 120s
and the QDs density has a maximum value, 4.5 * 10" ¢cm™ at tin=00s. These results implied that
ad-atom surface diffusion effect always exists during the process of interruption growth. The
coverage increases from 5.2% to 7.2% was an evidence of the mass transfer from wetting layer;
the increase in dot density during the growth interruption 30s<t;,<60s was cause by mass transfer
from wetting layer. The decrease in dot density during growth interruption 60s<ti,<120s can be
mainly ascribed to the ad-atom surface diffusion, which leads to the enlargement of the largest
islands at the cost of the smallest ones due to Ostwald ripening. Fig. 3(a) shows the room
temperature PL of these InGaN QDs samples measured using a He-Cd laser as the excitation
source. The PL emission peak energy of the InGaN QDs samples is blue-shifted from 2.497eV to
2.735eV as the interruption time increases. We used FEMLAB to calculate the In composition of
InGaN QDs. Fig. 3(b) shows the simulation results. It indicated that In composition decreased
from 48% to 36% as tiy increase from 30s to 120s. It is an evidence of indium desorption which
lead to the decrease of the In composition of the InGaN QDs. In Fig. 4, we plot for all samples
the spectrally integrated PL intensity as an Arrhenius plot. From the fitting curve with I
acexp(EA/kBT), we obtained the activation energy E, for the various sample. For sample A,
Ea=63.1meV; for sample B, Ex=89.7meV, and for sample C, Ex=35.0meV. From the above
results, It indicated that t;,=60s is an optima condition for sample B owning smallest QDs size,
largest QDs density and the best optical quality.

Using this technique, indeed, it was feasible for formation of multi layer InGaN QDs

structures and applicable for the fabrication of GaN-based light emitting devices.
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Fig. 2 (a) Average diameter and average height, and (b) InGaN QDs density and the coverage in
dependence of the interruption time.
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Fig.3 (a) Photoluminescence spectra of these samples at room temperature under an excitation power
of 20mW. (b) Simulation results of In composition of InGaN QDs under various interruption time.
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Fig. 4 Arrhenius plots of the integrated PL intensity as a function of temperature.

I1. Fabrication and measurement of InGaN/GaN multiple quantum wells nanorods
1. Fabrication of GaN-based nanorods by self-assembled Ni nano-masks and ICP-RIE dry
etching

3.16 -3.58
2.14] m Mg-doped GaN nanorod By
. o Mg-doped GaN film i,
- o--un-doped GaN nanorod ’
3.10] a m B m[352
< 3.08 s " L3.50
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Fig. 5 SEM images of the etched GaN sample Fig. 6 PL peak energy as function of excitation
surface morphology for different chamber power density. Filled (open) squares represent
pressures: (a) 2.5 mTorr, (b) 10 mTorr, (¢) 20 mTorr Mg-doped GaN nanorod (film) while open circles
and (d) 30 mTorr at the same CI2/Ar flow rate of indicate the undoped GaN nanorod.

10/25 sccm, ICP/bias power of 200/200W for 2 min
etching time.

In this section, we attempted to study the fabrication and p-PL characterization of Mg-doped
GaN nanorods fabricated from a GaN epitaxial film by self-assembled Ni nano-masks and
inductively coupled plasma reactive ion etching (ICP-RIE). A large spectral blueshift of the PL
peak was observed for the Mg-doped GaN nanorod with respect to the Mg-doped GaN film. As
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shown in the SEM image in Fig. 5(a), a uniform etched surface with no nanorod formation was
observed at and below the chamber pressure of 2.5 mTorr, and the surface roughness was
approximately 1.5 nm. As the chamber pressure was increased to 10 mTorr, GaN nanorods began
to form and the density of the nanorods increased as the chamber pressure was further increased
to 20 mTorr and 30 mTorr. The nanorods had a near hexagonal structure with a height of
approximately 1 mm as estimated from the SEM images shown in Figs. 5 (b) and (c), and about
0.4 mm at 30 mTorr from Fig. 5(d). The variation in the height of the nanorods seems to be
related to the etching rate. In our experiment, the etching rate was approximately 3000 _A/min at
2.5 mTorr, and increased to approximately 5000 A/min at 10 mTorr and 20 mTorr, and then
decreased to 1450 _A/min at 30 mTorr. This seems to correspond to the variation in height of the
nanorods. At 30 mTorr, as shown in Fig. 5(d), the nanorods formed a two-dimensional array of
uniform density. Figure 6 shows high-resolution SEM images of the high-density Mg-doped GaN
nanorods. Figure 5(a) shows the top view image of the Mg-doped GaN nanorods, and the density
of the nanorods was estimated to be approximately 3 _ 1010 cm_2. Figure 5(b) shows a
high-resolution SEM image of the nanorods exhibiting a nanorod diameter of approximately 50
nm. Figure 6 plots the PL emission peak energy as a function of excitation power density for a
Mg-doped nanorod, a Mg-doped GaN film and an undoped GaN nanorod. The PL peak energy
increases were 125 meV and 67 meV for the Mg-doped nanorod and Mg-doped GaN film
respectively as the excitation intensity varied from 12 kW/cm?2 to 56 kW/cm2. The corresponding
spectral shift between the nanorod and the non-nanorod peaks ranging from 8 meV to 67 meV
within the excitation intensity range indicates stronger the power dependence of the Mg-doped
GaN nanorod emission. In contrast, the PL emission peak of the undoped GaN nanorod appeared

the same in the same excitation range.

2. Optical properties of blue light MQW nanorods
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Fig. 7 Scanning electron microscopy image  Fig. 8 PL spectrum of Ing3;Gag;N /GaN MQWs nanorods.
of Ing 3Gay 7N/GaN MQWs nanorods. The insert is a PL spectrum of the as-grown bulk sample.

Figure 7 displays a typical SEM image of Ing3Gag7;N/GaN MQWs nanorods. The nanorods
fabricated by ICP dry etching were almost vertical and straight shape. The nanorods have lengths
up to 500 nm and diameters ranging from 60 to 100 nm. Nanorods with diameters less than 55
nm were also observed. About 9~16 nanorods were probed in the pu-PL measurement based on the
rod-density of ~ 3 x10® estimated from fig. 7. A typical PL spectrum of the InGaN/GaN nanorods
under an excitation density of 0.9 W/cm® was measured at 4 K as shown in fig. 8. It consists of
several discrete emission peaks whose positions are at 449, 453 and 457 nm respectively. The
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strong narrow emission peak at 457 nm has a full width at half maximum (FWHM) of about 1.5
nm. The position difference between each peak is estimated to be 4 nm (24 meV). The insert in
fig. 8 is the spectrum from the as-grown bulk wafer before the ICP etching, which was measured
at the same condition for the nanorods. It shows a typical InGaN/GaN MQWs spectrum with a
FWHM of about 26.5 nm and an undulation behavior which is probably due to the Fabry-Perot
interferences within the epitaxial layers. Indeed, the fabrication of nanorods structure from the
Ing 3Gag 7N/GaN MQWs bulk wafer does exactly show the different behavior than the typical PL
emission spectra of bulk MQWs. This could be due to the decrease of in-homogeneous
broadening in wells of nanorods. Figure 9 shows a series of spectra record at different excitation
densities between 0.9 and 10.1 W/cm? for the Ing3Gag7N/GaN MQWs nanorods at 4K. Under
low excitation densities, the el-hl peak at 457 nm is dominant. However, with increasing
excitation density, the intensity of peak on the high-energy side of the el-hl peak increases.

Finally, this peak at 453 nm becomes dominant over the el-h1l emission.

100 Wem? 1 Fig. 9 Excitation power dependent photoluminescence
: g spectra of In3Gay,N/GaN MQWs nanorods.
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3. Optical properties of green MQW nanorods

By following the above method, by choosing the appropriate initial Ni thickness, annealing
temperature, and annealing time, we can fabricate a self-assembled nanosize Ni masks. In this
section, we studied the optical properties of InGaN/GaN MQW green nanorod structures. The
optical properties have not been fully studied yet since the higher In content in the c-plane MQW
could result in lower emission efficiency due to the strong quantum confined Stark effect. In this
part, we present the results of enhanced emission intensity properties of InGaN/GaN MQW green
emission nanorods and analyze the dominant enhancement mechanism using

temperature-dependent PL and time-resolved photoluminescence (TRPL).
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Fig. 10(a) An Arrhenius plot of the integrated PL Fig. 10(b) TRPL lifetime curves of the
intensity obtained from the Iny3;Gag;N/GaN MQW Ing3Gay;N/GaN MQW as-grown and green emission

active layer emission over the temperature range 6 nanorod samples for the main InGaN emission peak
from 20 to 300 K. measured at 10 and 300 K.



Figure 10(a) shows an Arrhenius plot of the integrated PL intensity obtained from the
Ing3Gag7/N/GaN MQW active layer emission of the as-grown sample and the nanorod sample
over the temperature range from 20 to 300 K. The results indicate that the PL intensity of the
nanorods is stronger than that of the as-grown sample by a factor of approximately 3.5 at room
temperature. Such large emission enhancement could result from improvement either in internal
quantum efficiency or external extraction efficiency. The temperature-dependent data of figure
10(a) were fitted with the following formula:

IT = 10/[1+A exp (—Ea/KT )+B exp (—Eb/KT)]

where It , Iy are the integrated PL intensity for T and 0 K, A and B are constants, K is the
Boltzmann constant, T is the temperature, Ea is the activation energy for PL quenching, and Eb is
generally associated to the free exciton binding energy. The energy Eb of the as-grown and
nanorod samples was approximately 6.2 and 7.8 meV, respectively, which was similar to values
in the previous report. However, the activation energy Ea of as-grown and nanorod samples was
35 and 79 meV, respectively. Though the high surface ratio around the periphery of the nanorods
could provide many non-radiative recombination paths, the larger activation energy of the
nanorods obtained seems to suggest that there are higher potential barriers in the nanorods for
carriers, where they could easily localize in the effective potential minima of the nanorod
structures.

Figure 10(b) shows the carrier lifetime from the as-grown and nanorod samples measured
by TRPL at 10 and 300 K respectively. Since a purely radiative recombination at T = 10 K can be
assumed, the radiative lifetime of the nanorod sample is similar to that of the as-grown sample,
which is approximately 54 ns, indicating that the radiative recombination process for both
samples is similar and the internal field reduction in the nanorods sample plays a minimal role in
the emission enhancement. As the temperature increased to 300 K, the carrier lifetimes were
further shortened to 8.7 and 16.5 ns for the nanorod and as-grown samples due to the increase of
the non-radiative recombination rate in the nanorod structures. The relatively larger non-radiative
recombination rate at room temperature for the nanorod sample was probably due to the
increasing surface recombination around the periphery of the nanorod. Generally, reduction of the
internal PZ field facilitates a better wavefunction overlapping of electrons and holes in the green
emission nanorod MQWs that could result in the increase of the emission efficiency and
enhancement in the PL emission intensity of the nanorods. However, the PRTL measurement
results reveal that the reduction of the internal PZ field could not be large enough to enhance the
radiative recombination process in the green emission nanorods. As a result, the internal quantum
efficiency of the nanorod sample at room temperature could not be improved, indicating that the
PL intensity enhancement observed from the nanorod sample could result from the increased
emission surface of the nanorod structure.

4. Fabrication and characteristics of AN-based nanorods LED
In this section, we based on the nanorod fabrication technique continuously and introduced a novel method
combining ICP-RIE and the PEC wet oxidation process with self-assembled Ni metal islands to fabricate

InGaN/GaN nanorod LEDs. Figure 11 shows the normalized PL spectrum of the as-grown LED sample, and nanorod
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LED samples made with and without the PEC process measured at room temperature. A HeCd laser (325 nm) was
used with an excitation power of 25 mW and the power density of 1.5 Wem-2. The PL emission peaks of the
InGaN/GaN active layer were bserved at 449.0, 445.2 and 440.4 nm for as-grown samples, and nanorods samples
made without and with the PEC oxidation process, respectively. The PL peak intensities of InGaN/GaN MQW active
layers in nanorods made with and without the PEC oxidation process were enhanced by factors of approximately six
and five times compared with as-grown LED samples. The blue-shift phenomena were observed for both the nanorod
LED samples made with and without the PEC oxidation process, and the blue-shift values were 3.8 nm (20 meV) and
8.6 nm (50 meV), respectively. The blue shift might be caused by the partial reduction of the piezoelectric field by
the strain release in the nanorod structures Figure 12 shows the room-temperature EL spectrum of the as-grown LED
and nanorod LED samples made with the PEC oxidation process at an injection current of 1 mA. The inset of figure
12 shows the emission image of the InGaN/GaN MQW nanorod LED. It shows that the PEC oxidation process can
effectively form oxidation layers to isolate the nanorods and facilitate contact formation. The EL intensity of the

nanorod LED made with the PEC process was about 1.76 times that of the as-grown LED

1.4 16000

—s— as-grown LED | —a—nanorod LED with PEC
—&-- ag-grown LED

—a— Nanorods LED without PEC
124 ., Nanorods LED with PEC

iR

i

Mormalized PL Intensity (a.u.)
EL intensity { arb. units)

350 a00 a50 500
Wavelength (nm)
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Figure 11. Normalized PL intensity spectra for  Figure 12. The EL intensity spectra for as-grown LED
as-grown LED and nanorod LEDs made with and and nanorod LED made with the PEC process at room

without the PEC process at room temperature. temperature. The inset shows a photographic image of the
blue emission from an InGaN/GaN MQW nanorod LED

at 1 mA dc current.

I11. Fabrication and characteristics of the micro-cavity
1. Successfully improved the reflectivity of GaN/AIN DBR reaches about 97% by the
insertion of the nano-scaled super-lattice.

The crack-free distributed Bragg reflectors (DBR) structure was successfully grown.
Insertion of three sets of AIN/GaN superlattice is shown to significantly reduce the biaxial tensile
strain, thereby resulting 20 pairs about 1.8 pum-thick, crack free high-reflectivity AIN/GaN
distributed Bragg reflectors. The schematic structure of the grown DBR is shown in Fig.13. The
surface also was measured by AFM shown in Fig. 14. The surface roughness R, of this DBR
sample is 2.5 nm and the grain size is 0.15 um. The line profile shows the crack free. The
cross-sectional TEM image of superlattice insertion was shown in Fig. 15. Reflectivity spectra of
AIN/GaN DBR with three superlattice insertions were shown in Fig. 16. To study the distribution
of reflectivity, we measured on three areas with 2mm diameter taken across the 2-inch wafer in
the direction of a cross. Fig. 16 shows the reflectance spectra of three areas A, B and C, which are
located in order from the center of a wafer to the radius direction. At area A, the peak reflectivity
of 97% was obtained at wavelength of 399 nm and a stopband of 14 nm, and at area B, 97% at
405 nm. This peak wavelength was in good agreement with the required value. At area C, the
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peak wavelength was 432 nm. This was caused by the difference of growth rate due to the
temperature distribution of heater. Now the full vertical cavity surface emitting laser structure

with crack-free DBR has been grown and fabrication of devices is in process.

5 pairs AIN/GaN

5 pairs AIN/GaN

GaN
AIN/GaN ’

5 pairs AIN/GaN

5 pairs AIN/GaN

GaN-1pm

sapphire

pm

Fig. 13 Schematic structure of 20-pair Anlagen DBR
with three super lattice insertions.

Intensity(a.u)

300 400 500
Wavelength(nm)
Fig. 15 Cross-sectional TEM image of DBR structure. ~ Fig. 16 Reflectivity spectra of the 20 pairs DBR with three
AIN/GaN SLs measured at room temperature as a function

of wavelength taken across the 2-inch wafer.
2. Successfully achieved laser operation by an optical excitation of the micro-cavity
structure with hybrid mirrors.

The structure of the GaN-based VCSEL was grown in a vertical-type MOCVD system
(EMCORE D-75). The polished optical-grade C-face (0001) 2-inch-diameter sapphire was used
as substrate for the epitaxial growth of the VCSEL structure. The VCSEL structure composed of a
3A cavity, a 20 pairs AIN/GaN DBR as bottom mirror and an eight pairs Ta,Os/SiO; dielectric
mirror as the top DBR reflector. The schematic diagram of the full structure is shown in figure 17.
During these processes, the peak reflectance of the AIN/GaN DBR structure and the Ta,0s/SiO;
dielectric mirror were 97.5% and 94% at 450nm, respectively. Figure 18 shows the laser emission
intensity as a function of pumping energy at room temperature condition. A distinct threshold
characteristic was observed at the threshold pumping energy (E) of about 1.5uJ corresponding
to an energy density of 53mJ/cm’. The laser intensity increases linearly with the energy level
beyond the threshold energy. Figure 19 shows the variation of emission spectrum with the
increasing pumping energy. A dominant laser emission line at 448nm appears above the threshold

pumping energy. The laser emission spectral linewidth reduces as the pumping energy above the
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threshold energy and approaches 0.25nm at the pumping energy of 2.52Ey,.

F 8 pairs Ta,05/S10,
T MQWs

- 25 pairs AIN/GaN
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Sapphire

FIG.17. The schematic diagram of the overall structure.

10000
E 8000 |-
2 -~
2 3
@ 6000 E
£ >
£ £ 1.38E,
g 4000 - S
D E | LI3E,
& 0.75E,

| 9cs
% 1 2 3 2 5 430 440 450 460 470
Excitation Energy (uJ/pulse) Wavelength (nm)
FIG.18. The light output intensity as a function of the FIG.19. The variation of laser emission spectrum

pumping energy at room temperature. with the increasing pumping energy.

3. Successfully fabricated a micro-cavity with high reflectivity DBR using laser lift-off
technique

The epitaxial structure of the GaN-based VCSEL was first grown on a (0001)-oriented
sapphire substrate by metal organic chemical vapor deposition system. The structure consists of a
30-nm nucleation layer, 4-um undoped GaN, a multiple quantum-well composed of 10 periods of
5-nm GaN barrier and 3-nm Ing ;GagoN well, and 200 nm undoped GaN. Then a dielectric DBR
consisting of 6 pairs of SiO, and TiO, was evaporated on the top of the grown structure to form a
Si0,/TiO, DBR/InGaN MQW/GaN/sapphire structure. The structure has a peak reflectivity of
99.5% at 414 nm. Then, an array of disk-like SiO,/TiO, DBR mesas with 60 um in diameter was
formed. The patterned SiO,/TiO, DBR/InGaN MQW/GaN/sapphire structure was then mounted
onto a host fused silica substrate. The mounted sample was then subjected to a laser lift-off
process. Finally, the second DBR consisting of 8 pairs of SiO, and Ta,Os was deposited on the
top of the polished GaN surface. The reflectivity of the Si0,/Ta,Os DBR at 414 nm is 97%. The
complete structure of the GaN VCSEL with two dielectric DBRs is shown in Fig. 20(a).
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Fig. 20(a) The setup for optical pumping of the GaN VCSEL with two dielectric
DBRs. (b) Laser emission intensity as a function of the pumping energy operated at
room temperature. The threshold pumping energy is about 270 nJ.

4. Successfully optically pumped InGaN-MQW VCSELs with two high -reflectivity
dielectric DBRs

The structure above was successfully optically pumped and achieved lasing action at room
temperature. The setup of optical pumping is shown in the figure 20(a). Figure 20(b) shows the
laser emission intensity as a function of pumping energy at room temperature condition. A clear
evidence of threshold condition occurs at pumping energy of 270 nJ corresponding to an energy
density of 21.5 mJ/cm®. The laser intensity increases linearly with the pumping energy level
beyond the threshold energy.

Figure 21(a) shows the evolution of the VCSEL emission spectrum with the pumping energy
at room temperature. At below threshold pumping energy, the spontaneous emission spectrum
shows a multiple cavity modes with a mode spacing of about 7 nm and a linewidth of about 0.8
nm. This mode spacing corresponds to a cavity length of 4 um which is nearly equal to the
thickness of the GaN layer inside the cavity. The cavity quality factor (Q factor) estimated from
the linewidth is about 518. As the pumping energy increases above the threshold, a dominant
laser emission line appears at 414 nm with a narrow linewidth of about 0.25 nm. Figure 21(b)

shows the 3-D isometric plot of the spatial intensity distribution of the laser beam.
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Fig. 21(a). Emission spectra from the GaN-VCSEL at various pumping energy. (b)

shows the 3-D isometric plot of the spatial intensity distribution of the laser beam.

I11. Fabrication and characteristics of the micro-cavity
1. GaN quantum whispering gallery light emitting laser formed by photo-enhanced wet
chemical oxidation and crystallographic etching

Combined with photo-enhanced wet chemical oxidation and crystallographic etching, we
demonstrated GaN microcavities with various geometries, including Fabry-Perot cavity with
vertical mirror facets of (10-10), faceted hexagon, and cylindrical cavities with smooth vertical
sidewalls. Stimulated emission due to resonance with whispering gallery (WG) modes in the
above cavities was observed under optical pumping with a 266nm Nd:YAG laser. Increase of the
mode spacing and suppression of the side mode emission intensity were observed with device
size as small as to 2pum.

As shown in Fig.22, the stimulated emission at ~ 372nm was observed at room temperature
in the Sum size hexagonal micro-facet cavity with a pumping threshold of~ 10MW/cm® and full
width at half maximum (FWHM) ~0.9nm. Note the integrated peak intensity in the stimulated
emission regime increases roughly with a relation Igimy ~Ipump2, revealing a dominant mechanism
by electron-hole plasma scattering, i.c., |[<®Dyp| ®Dy>> Compared with a Fabry-Parot

cavity made of the same (10-10) etched facets and optical length, the lasing threshold in the
former is lower by 20%.
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Fig. 22(a) SEM image of 5 um hexagonal microcavity, (b) the PL spectrum exhibits mode spacing ~ 0.6
nm and (c) pumping threshold ~10MW/cm’. The emission intensity increases with the relation I~Ip2‘3

2. Gallium nitride microcavities formed by photoenhanced wet oxidation
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Fig. 22 Top view of SEM micrograph showing GaN hexagonal  Fig. 23. Cavity size dependent emission
cavities after dissolving the PEC-grown oxide in (a) CH3COOH  spectra of GaN hexagons with radius R=5,
and (b) molten KOH. Inset: magnified cross-sectional SEM 3, and 2um measured at an intensity |~4
micrograph revealing an optically smooth sidewall in (a). (¢) MW/cm2 of 266 nm YAG laser. The
Cross-sectional SEM micrograph of a typical hexagonal GaN cavity ~ spectra have been vertically shifted for
to be used in the micro-photoluminescence study. The hexagon side  comparison.

length is 2 pm.

Since the oxidized GaN layer can be dissolved in dilute acid or base solutions, a combination
of the repeated photoenhanced wet oxidation and dissolution (etching) can thus be a promising
route for the realization of GaN microcavities. Illustrated in Fig. 22 are the SEM micrographs
showing the top view of GaN hexagonal microcavities formed by dissolving a 1-um-thick
oxidized GaN structure in (a) dilute CH3COOH solution and (b) molten KOH at 180 °C for 1 min,
respectively. The magnified cross-sectional SEM micrograph in the inset of Fig. 22(a) indicates a
smooth sidewall can be retained by this proposed method. Except for a partial removal of the Ti
mask by a short time immersion in molten KOH, no apparent difference can be found on the
sidewall smoothness with respect to the choice of oxide dissolving solutions used in Figs. 22(a)
and 22(b). These observations elucidate a principle to retain smooth GaN facets by slowly
photo-oxidizing the nonpolar GaN planes at a rate much less than 1 nm/min. In comparison, for
the polar (0001) gan plane where the photoenhanced oxidation rate can proceed at a rate of 1
nm/min or higher, a wavy oxidized surface can be observed due to a localized, nonuniform
distribution of the photoexcited carriers and reactants. Illustrated in Fig. 22(c) is one such
hexagon of 2 um radius, showing a smooth, vertical sidewall and inclined (1-103 ga.n facets near
the cavity pedestal.

lustrated in Fig. 23 are the cavity size dependent luminescence spectra of GaN hexagons,
revealing the characteristic peaks of WG modes in resonance with the GaN emission spectrum.
Note a mode spacing of 0.74, 1.1, and 1.5 nm, respectively, are clearly discernible with a reduced
hexagon radius of R=2, 3, and 5 um at a constant pump intensity Ip~4 MW/cm2. These data
agree well with a theoretical analysis by enforcing an optical path shown in the inset of Fig. 23
to have a total phase shift equal to an integer multiple of 2n and thus to ensure total internal

reflections inside the GaN microcavities.
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Prof. S. C. Wang, the leader of this three year project, already achieved an agreement with Prof.
Yamamoto of Stanford University on cooperation of developing next generation GaN single
photon emitter. One graduate student and Prof. Lu have been visited his lab for few months
research to conduct preliminary and measurement experiment. The experience gained from Prof.
Yamamoto on the GaAs-based QD microcavity device will be very useful for this effort and will
ensure the successful outcome of this experiment. Besides, the research group had collaborated
with Prof. K. Iga of Tokyo Institute of Technology, who is the first one to demonstrate the
VCSEL structure, for GaN blue VCSEL. We had also collaborated with Prof. S.L. Chuang of
UIUC, who got the excellent efforts of slow light in fiber communication, for the fabrication and

performance measurement of VCSEL.
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Light enhancement in GaN-based emitters by nano-fabrication technique
We have achieved the light enhancement in two kinds of GaN-based emitters,
including GaN laser diode (LD) and light emitting diode (LED), by nano-fabrication
technique. Up to now, the nitride based light emitting devices, such as LDs and LEDs,
still have different difficulties in the improvement of light output power and optical
properties. On one hand, the major problem for the nitride based light emitting diodes
is its low refractive index caused small critical angle (~23°). In order to enlarge the
escaping cone formed by the critical angle, we introduce the nano-process to roughen
the P-GaN surface of our LED structure. This nano-roughening process is mainly
performed by using Ni clusters as the etching mask and the excimer laser as the
etching tool. We have demonstrated the light output power of the nano-roughened
LED is 55% higher than conventional LED. On the other hand, GaN edge emitting
laser shows only 10™ of coupling efficiency of spontaneous emission. Recently, we
have developed an optical pumped GaN vertical cavity surface emitting laser (VCSEL)
and found the enhancement on optical properties compared to current edge emitting
lasers. The GaN VCSEL is formed by growing a micro-scaled cavity with an
AIN/GaN DBR by MOCVD and coating a Ta,0s/SiO, DBR using an e-gun. The GaN
VCSEL shows a high quality factor of 760 and a strong coupling efficiency of
spontaneous emission of about 102 These results suggest our structure and processes

are potential in the application of high efficiency light emitting devices.
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